Introduction {#Sec1}
============

Breast cancer is the most frequently diagnosed cancer in women worldwide. Due to its strong invasiveness and metastasis ability, breast cancer is the leading cause of cancer-related death in women^[@CR1],\ [@CR2]^. It is well known that angiogenesis plays a key role in the development of breast cancer, especially in the processes of growth and metastasis^[@CR3],\ [@CR4]^. To assess angiogenesis in human tumors, several indicators are used to represent angiogenic activity, with microvascular density (MVD) being one of the morphological gold standards^[@CR5]^. Several studies have demonstrated that breast cancer with high microvascular density tends to be associated with large tumor size, high lymph node metastasis incidence and poor prognosis^[@CR6]--[@CR8]^. Tumor cells promote angiogenesis by secreting various growth factors and interacting with the tumor microenvironment to not only obtain sufficient oxygen and nourishment to grow but also promote migration to new areas^[@CR9]--[@CR12]^. Therefore, there is an urgent need to elucidate the molecular mechanisms underlying angiogenesis.

The transcriptional factor FOXP3 is a member of the FOX protein family^[@CR13]^. It is well known that FOXP3 is a specific marker of regulatory T cells (Tregs) and that it plays an important role in the differentiation and development of Tregs to mediate autoimmunity and tumor immune escape^[@CR14],\ [@CR15]^. However, FOXP3 has also been found to be an important tumor suppressor gene, especially in breast cancer^[@CR16],\ [@CR17]^. FOXP3 has been reported to regulate the expression of various genes involved in carcinogenesis to exert its tumor suppressor function^[@CR18]^. On one hand, FOXP3 can inhibit breast cancer cell proliferation by regulating the expression of breast cancer oncogenes such as *HER2*, *MYC* and *SKP2*^[@CR16],\ [@CR19]--[@CR22]^. On the other hand, FOXP3 participates in the regulation of breast cancer metastasis by downregulating the expression of some metastasis-associated molecules such as CXCR4 and CD44^[@CR23],\ [@CR24]^. However, it is unclear whether FOXP3 is involved in the regulation of breast cancer angiogenesis.

In the present study, clinical specimen analyses, in vivo animal model experiments, and in vitro cytological experiments indicated that FOXP3 is indeed a suppressor of breast cancer angiogenesis. Moreover, our investigation revealed that FOXP3 could suppress VEGF expression via interaction with forkhead DNA-binding motifs in the VEGF promoter. More importantly, our in vitro data showed that the inhibitory effect of FOXP3 on angiogenesis occurs in a VEGF-dependent manner. Finally, an inverse correlation between nuclear FOXP3 expression and VEGF expression was also observed in human breast cancer samples, and FOXP3 downregulation and VEGF upregulation were both correlated with reduced survival in breast cancer data sets in the Kaplan--Meier plotter. Taken together, our data uncovered the important role of FOXP3 and its mechanism in the inhibition of breast cancer angiogenesis.

Results {#Sec2}
=======

FOXP3 expression is negatively associated with angiogenesis in cancer {#Sec3}
---------------------------------------------------------------------

The transcription factor FOXP3 contains a characteristic forkhead (FKH) DNA-binding domain, which can regulate the expression of a set of genes^[@CR25],\ [@CR26]^. To further explore the biological functions of FOXP3, we analyzed the whole transcriptome data (control cells vs. FOXP3-overexpressing cells) for bladder cancer (GSE81157) and colon cancer (GSE71980) from the Gene Expression Omnibus (GEO) database. Our GO analysis showed that a substantial number of differentially expressed genes were associated with blood vessels, which suggests that FOXP3 may be important in angiogenesis (Fig. [1a](#Fig1){ref-type="fig"}, Supplementary Fig. [1a](#MOESM1){ref-type="media"}). On the basis of this analysis, we wondered whether FOXP3 could regulate breast cancer angiogenesis. Immunohistochemical staining was then performed to detect the expression of FOXP3 and vessel density in 93 human breast cancer tissue specimens (Fig. [1b](#Fig1){ref-type="fig"}). Univariate analysis showed that nuclear FOXP3 expression was inversely associated with clinical stage, lymph nodes metastasis and HER2 expression, which is in agreement with previous reports (Supplementary Table [1](#MOESM1){ref-type="media"}). Importantly, we found that vessel density was significantly lower in nuclear FOXP3-positive specimens than in nuclear FOXP3-negative specimens (Fig. [1c](#Fig1){ref-type="fig"}). These data suggest that FOXP3 is negatively correlated with angiogenesis in breast cancer.Fig. 1FOXP3 expression is negatively associated with angiogenesis in cancer.**a** GO analysis showing several clusters of blood vessel-related genes that may be regulated by FOXP3 in bladder cancer. **b** Representative nuclear FOXP3 expression and immunohistochemical images of blood vessels in breast cancer samples. Blood vessel density is shown by CD31 staining. Scale bars, 50 μm (×20) and 20 μm (×40). **c** A significant negative correlation between nuclear FOXP3 and blood vessel density was found in breast cancer specimens. **c** Student's *t* test

FOXP3 inhibits breast cancer angiogenesis in vivo and in vitro {#Sec4}
--------------------------------------------------------------

To further validate whether the expression of wild-type FOXP3 can affect breast cancer angiogenesis, MDA-MB-231 breast cancer cells were injected into the mammary fat pads of female athymic mice, and adenoviruses carrying FOXP3 or control cDNA were injected into the tumors when their volume reached approximately 50 mm^3^. Due to the relatively short time period (day 21 to day 29), no significant differences were found in the tumor volumes between the two groups (Supplementary Fig. [2a, b](#MOESM1){ref-type="media"}). However, immunohistochemical analysis revealed that the CD31-stained area of the tumors from the FOXP3 overexpression group was obviously lower than that of tumors from the control group (Fig. [2a, b](#Fig2){ref-type="fig"}).Fig. 2FOXP3 inhibits breast cancer angiogenesis in vivo and in vitro.**a** Orthotopic injection of MDA-MB-231 cells was performed to generate xenografts, and adenoviruses carrying FOXP3 or control cDNA were injected into the tumors when their volume reached approximately 50 mm^3^ (*n* = 5). Representative immunohistochemical images of FOXP3 and CD31 expression in the primary tumors of mice in the control and FOXP3 groups. Scale bars, 50 μm (×20) and 20 μm (×40). **b** Quantification of blood vessel density in (**a**). **c** Representative images of HUVEC tube formation assays; HUVECs were treated with control MDA-MB-231 cell supernatant or FOXP3-overexpressing MDA-MB-231 cell supernatant. Scale bar, 100 μm. **d** Quantitation of the cumulative number of tubes in the different groups in (**c**). **e** Representative images from the HUVEC spheroid sprouting assays; HUVECs were treated with control cell supernatant or FOXP3-overexpressing MDA-MB-231 cell supernatant. Scale bar, 100 μm. **f** Quantitation of the cumulative sprout length (CSL) of the different groups in (**e**). **b**, **d**, **f** Student's *t* test

We then investigated the effect of FOXP3-expressing breast cancer cells on angiogenesis in vitro. MDA-MB-231 cells were transfected with pcDNA-FOXP3 or control vector. The control or FOXP3-overexpressing cells were collected to measure FOXP3 expression by real-time PCR and western blotting (Supplementary Fig. [2c, d](#MOESM1){ref-type="media"}), and the supernatants were collected for tube formation assays. We observed a significant decrease in the cumulative number of tubes in the group treated with supernatant derived from FOXP3-overexpressing MDA-MB-231 cells compared with the group treated with supernatant derived from control cells (Fig. [2c, d](#Fig2){ref-type="fig"}). To better mimic in vivo blood vessel formation, we conducted HUVEC spheroid sprouting assays in 3D culture. The results showed that the CSL was significantly lower in the FOXP3-overexpressing supernatant group than in the control supernatant group (Fig. [2e, f](#Fig2){ref-type="fig"}). Collectively, these results suggest that FOXP3 plays a suppressive role in breast cancer angiogenesis.

FOXP3 is a transcriptional suppressor of VEGF {#Sec5}
---------------------------------------------

Among angiogenic regulators, the vascular endothelial growth factor (VEGF) family and VEGF receptors (VEGFRs) are key mediators^[@CR27]^. It has been reported that blocking VEGF may lead to regression of the vascular network and the inhibition of tumor growth^[@CR28]^. Therefore, we evaluated whether FOXP3 can regulate VEGF expression in breast cancer. According to bioinformatic analyses, several potential FOXP3-binding sites were found in the promoter region of the *VEGF* gene (Supplementary Fig. [3a](#MOESM1){ref-type="media"}). Then, we cloned the VEGF promoter into the pGL3 basic luciferase reporter vector and evaluated whether FOXP3 could regulate VEGF promoter activity in MDA-MB-231 cell lines. The results showed that FOXP3 expression significantly suppressed VEGF promoter activity in a concentration-dependent manner (Fig. [3a](#Fig3){ref-type="fig"}). Furthermore, ChIP assays were performed to test whether FOXP3 directly interacted with the VEGF promoter. We used an anti-FOXP3 antibody to precipitate the sonicated chromatin from MDA-MB-231 cells transfected with FOXP3 and used real-time PCR to quantitate the amount of the specific VEGF promoter region precipitated by anti-FOXP3 antibodies compared to that precipitated by IgG control. As shown in Fig. [3b](#Fig3){ref-type="fig"}, since several potential FOXP3-binding motifs were close to each other, our primers flanked the adjacent sites together. The results showed that the anti-FOXP3 antibodies pulled down greater amounts of VEGF promoter DNA than the IgG control, with the highest signal localizing at 1.2 kb 5′ upstream of the transcription starting site (Fig. [3b](#Fig3){ref-type="fig"}). To further investigate which binding motif in the VEGF promoter was important for the suppression of FOXP3, we truncated the VEGF promoter, as shown in Fig. [3c](#Fig3){ref-type="fig"}, and tested the effects of FOXP3 on VEGF promoter activity. The results revealed that the essential region for FOXP3-mediated effects in the VEGF promoter was the region 1.2 kb from the transcription start site (Fig. [3c](#Fig3){ref-type="fig"}). Together, these results demonstrate that FOXP3 suppresses VEGF expression by directly inhibiting VEGF promoter activity via specific forkhead-binding motifs.Fig. 3FOXP3 is a transcriptional suppressor of VEGF.**a** FOXP3 suppresses VEGF promoter activity, as evaluated by dual-luciferase reporter assays. **b** The top panel depicts schematic diagrams of the regions amplified by the ChIP primers. The bottom panel shows the amount of DNA precipitated by either the anti-FOXP3 antibody or control IgG; the results are expressed as a percentage of the input genomic DNA from MDA-MB-231 cells. **c** FOXP3-mediated suppression of the VEGF promoter requires forkhead-binding motifs, as evaluated by dual-luciferase reporter assays. Relative truncation of the VEGF promoter is illustrated in the left panel. Luciferase activity was detected in cells transfected with the truncated VEGF promoter in the right panel. **a**, **c** ANOVA with Tukey's post hoc test

FOXP3 downregulates VEGF expression in breast cancer {#Sec6}
----------------------------------------------------

To further investigate the regulatory role of FOXP3 in VEGF expression in breast cancer cell lines, real-time PCR and western blotting were performed to analyze the gain or loss of FOXP3 expression. We found that ectopic expression of FOXP3 in MCF-7, T47D, and MDA-MB-231 cell lines downregulated VEGF expression and that silencing endogenous FOXP3 in MCF-7 and T47D cells by shRNA upregulated VEGF expression at both the mRNA and protein level (Fig. [4a--j](#Fig4){ref-type="fig"}). Moreover, we used confocal microscopy to confirm that VEGF was located mainly in the cytoplasm and was concomitantly inhibited by ectopic nuclear FOXP3 expression (Fig. [4k](#Fig4){ref-type="fig"}). In addition, we collected serum samples from tumor-bearing mice that were treated with control or FOXP3-overexpressing adenovirus and found that serum VEGF levels were decreased in mice bearing FOXP3-overexpressing tumors (Fig. [4l](#Fig4){ref-type="fig"}). Taken together, these results indicate that FOXP3 suppresses VEGF expression in breast cancer.Fig. 4FOXP3 downregulates VEGF expression in breast cancer.Real-time PCR was performed to detect the transcription levels of VEGF in breast cancer cell lines with the gain or loss of FOXP3 expression. Transfection of pcDNA3.1-FOXP3 into (**a**) MCF-7, (**b**) T47D or (**c**) MAD-MB-231 cells. Transfection of FOXP3 shRNA into (**d**) MCF-7 or (**e**) T47D cells. Western blotting was performed to detect the expression of VEGF in breast cancer cell lines following the gain or loss of FOXP3 expression. Transfection of pcDNA3.1-FOXP3 into (**f**) MCF-7, (**g**) T47D or (**h**) MAD-MB-231 cells. Transfection of FOXP3 shRNA into (**i**) MCF-7 or (**j**) T47D cells. **k** Evaluation of FOXP3 and VEGF expression in MAD-MB-231 cells by confocal microscopy (control or FOXP3 overexpression). Scale bar, 20 μm. **l** Orthotopic injection of MDA-MB-231 cells was performed to generate xenografts, and adenoviruses carrying FOXP3 or control cDNA were injected into the tumors when their volume reached \~50 mm^3^ (*n* = 5). Serum VEGF levels of mice bearing control or FOXP3-overexpressing tumors were detected by ELISA. **a**--**l** Student's *t* test

VEGF is involved in the FOXP3-mediated inhibition of angiogenesis {#Sec7}
-----------------------------------------------------------------

Given that FOXP3 downregulates VEGF expression, we examined whether FOXP3 can inhibit angiogenesis in a VEGF-dependent manner. MDA-MB-231 cells were transfected with pcDNA-FOXP3 or control vector, and the results showed that VEGF was downregulated in FOXP3-overexpressing cells by real-time PCR and western blotting (Supplementary Fig. [3b--d](#MOESM1){ref-type="media"}). Furthermore, the VEGF levels in supernatant from FOXP3-overexpressing MDA-MB-231 cells were also lower than those in supernatant from control cells, as shown by ELISA (Supplementary Fig. [3e](#MOESM1){ref-type="media"}). Then, the supernatants were collected to conduct tube formation assays and HUVEC spheroid sprouting assays. As described above, we found that the cumulative number of tubes was significantly lower in the FOXP3 supernatant group than in the control group (Fig. [5a, b](#Fig5){ref-type="fig"}). In addition, we treated HUVECs with FOXP3 supernatant and VEGF and found that the FOXP3-mediated decrease in tubulogenesis was abolished by VEGF supplementation (Fig. [5a, b](#Fig5){ref-type="fig"}). The HUVEC spheroid sprouting assays also showed that the CSL was significantly lower in the FOXP3 group than in the control group, and this effect was abolished by VEGF supplementation (Fig. [5c, d](#Fig5){ref-type="fig"}). Therefore, the results demonstrated that the ability of FOXP3 to inhibit angiogenesis is dependent on the downstream regulation of VEGF.Fig. 5VEGF is involved in the FOXP3-mediated inhibition of angiogenesis.**a** The tube formation activity of HUVECs that were treated with control medium, the culture supernatant of MAD-MB-231 cells (control supernatant), the culture supernatant of FOXP3-overexpressing MAD-MB-231 cells (FOXP3 supernatant), or the culture supernatant of FOXP3-overexpressing MAD-MB-231 cells supplemented with VEGF (FOXP3 supernatant + VEGF). Scale bar, 50 μm. **b** Quantitation of HUVEC tubulogenesis in the different groups in (**a**). HUVEC spheroid sprouting activity was determined by 3D culture. **c** Representative images of spheroid sprouting. Scale bar, 100 μm. **d** Quantitation of the cumulative sprout length (CSL) in different groups. **b**, **d** ANOVA with Tukey's post hoc test

Inverse correlation between FOXP3 expression and VEGF expression in human breast cancer samples {#Sec8}
-----------------------------------------------------------------------------------------------

To investigate the relationship between FOXP3 and VEGF expression, we measured the expression levels of FOXP3 and VEGF in the same 93 human breast cancer samples that were used in the FOXP3 study. The immunohistochemical results showed that VEGF levels were higher in the FOXP3-negative human primary breast cancer tissues than in the FOXP3-positive human primary breast cancer tissues (Fig. [6a](#Fig6){ref-type="fig"}, Supplementary Fig. [4a](#MOESM1){ref-type="media"}). Moreover, a negative association was found between FOXP3 and VEGF expression in primary tumor samples (*P* \< 0.001, *R*^2^ = −0.368) (Fig. [6b](#Fig6){ref-type="fig"}). These findings demonstrate that FOXP3 might suppress VEGF expression in breast cancer tissues.Fig. 6Inverse correlation between FOXP3 and VEGF expression in human breast cancer samples.**a** Representative immunohistochemical images of nuclear FOXP3 and VEGF expression in breast cancer specimens. Scale bar, 100 μm (×10) and 20 μm (×40). **b** A significant negative correlation between nuclear FOXP3 and VEGF expression was found in the breast cancer specimens. **b** Spearman test

To further explore the role of FOXP3 and VEGF in breast cancer survival, we analyzed the relationship between FOXP3 or VEGF expression and survival in 3951 breast cancer samples in the Kaplan--Meier plotter ([www.kmplot.com](http://www.kmplot.com)), an online website that can be used to assess the effect of genes on breast cancer prognosis^[@CR29]--[@CR31]^. As shown in Supplementary Fig. [4b](#MOESM1){ref-type="media"}, high FOXP3 expression was a protective factor for breast cancer survival (HR = 0.77, log-rank *P* \< 0.001), while high VEGF expression was a deleterious factor for breast cancer survival (HR = 1.34, log-rank *P* \< 0.001) (Supplementary Fig. [4c](#MOESM1){ref-type="media"}). Furthermore, \<35% of the samples exhibiting high FOXP3 expression showed high VEGF expression. In contrast, \>65% of the samples exhibiting low FOXP3 expression showed high VEGF expression. Statistical analysis revealed that the difference was highly significant (*P* \< 0.001) (Supplementary Fig. [4d](#MOESM1){ref-type="media"}). Collectively, these analyses partially suggest that simultaneous FOXP3 downregulation and VEGF upregulation is correlated with reduced breast cancer survival.

Discussion {#Sec9}
==========

Since Liu Yang et al. reported in 2007 that mice heterozygous for the FOXP3 mutation spontaneously develop mammary cancer at a high rate^[@CR16]^, it has become apparent that FOXP3 plays an important suppressive role in breast cancer development by controlling the expression of a series of oncogenes, such as *ERBB2*, M*YC* and *SKP2*, in epithelial cells^[@CR16],\ [@CR17],\ [@CR19],\ [@CR20]^. FOXP3 has been reported to suppress tumor growth by regulating the expression of p21 and miR146a/b^[@CR21],\ [@CR22]^. In addition, FOXP3 inhibits breast cancer metastasis by regulating the expression of CXCR4 and SATB1^[@CR32],\ [@CR33]^. In the present study, by analyzing the effect of FOXP3 on breast cancer prognosis in the Kaplan--Meier plotter website, we found that FOXP3 is a protective factor for breast cancer survival, which is consistent with previous reports. To further explore the biological functions of FOXP3 in the progression of cancer, we analyzed the whole transcriptome data on bladder cancer and colon cancer from the GEO database and found that the differentially expressed genes were associated with blood vessel-related events. Therefore, we investigated whether FOXP3 is involved in the regulation of breast cancer angiogenesis. By analyzing 93 clinical breast cancer samples, we found that tumor angiogenic activity is negatively correlated with FOXP3 expression. Additionally, through in vivo tumor xenograft assays and in vitro functional experiments, we confirmed that FOXP3 overexpression could inhibit breast cancer angiogenic activity. Thus, our data suggest that FOXP3 might be an angiogenic suppressor in breast cancer.

As an essential process in breast cancer development and progression, angiogenesis provides not only oxygen and nutrients for tumor growth but also more opportunities for tumor cells to migrate and metastasize^[@CR4]^. Many studies have revealed that angiogenesis is an important indicator of poor prognosis in breast cancer^[@CR7]^. There are many endogenous factors that facilitate angiogenesis, and the following three families of receptor protein-tyrosine kinases are pivotal. The VEGF/VEGFR family includes the strongest growth factor that directly acts upon endothelial cells in angiogenesis^[@CR34]^. The angiopoietin/Tie system controls the maturation and quiescence of vessels^[@CR35]^. The eph/Ephrin system regulates positional guidance cues and arteriovenous asymmetry^[@CR36]^. As mentioned above, because VEGF plays important roles in promoting tumor angiogenesis, blocking VEGF signaling has been an effective method to suppress tumor angiogenesis. Clinical trials in several tumor types have demonstrated that therapeutics that target the VEGF pathway, such as bevacizumab, potently prevent tumor growth and metastasis^[@CR37]^. In this study, through in vitro 3D HUVEC spheroid sprouting assays and tube formation assays, we showed that FOXP3 can inhibit angiogenesis by regulating VEGF expression. Furthermore, our animal study revealed that overexpression of FOXP3 decreased serum VEGF levels, and clinical specimen analyses demonstrated that FOXP3 expression is negatively correlated with VEGF expression in breast cancer tissues. Taken together, our data suggest that FOXP3 plays an important role in VEGF-mediated angiogenesis in breast cancer.

It is well known that VEGF promotes endothelial cell mitosis and enhances the fusion of adjacent blood vessels into the vascular plexus, consequently inducing neovascularization^[@CR38]^. Among the numerous factors that regulate VEGF, hypoxia is a key mediator. Under hypoxic conditions, hypoxia-inducible factor-1α (HIF-1α) exhibits enhanced stability, and thus accumulates in cells^[@CR39]^. Increased HIF-1α levels consequently induce VEGF transcription by directly binding to the VEGF promoter^[@CR40]^. Moreover, several growth factors, including epidermal growth factor (EGF), transforming growth factor-β (TGF-β), insulin-like growth factor-1 (IGF1) and fibroblast growth factor (FGF), regulate the expression of VEGF through their corresponding signaling pathways^[@CR34]^. For example, TGF-β can activate its downstream molecule Smad3, which forms a complex with Smad4 and enters the nucleus to enhance VEGF transcription by interacting with its promoter^[@CR41]^. In addition, mutations in oncogenes and tumor suppressor genes have also been reported to be directly or indirectly related to the dysregulation of VEGF expression^[@CR34]^. In the present study, we found that FOXP3 could regulate VEGF mRNA and protein levels in breast cancer cell lines. Additionally, as mentioned above, our in vivo experiment and clinical analyses showed that FOXP3 expression is inversely correlated with VEGF expression in breast cancer; and analysis of the data sets from the Kaplan--Meier plotter website also showed that the rate of VEGF upregulation in breast cancer samples with high FOXP3 expression was significantly reduced. Moreover, ChIP assays and luciferase reporter assays demonstrated that the FOXP3 protein could directly interact with the VEGF promoter and suppress its activity. Therefore, our results indicate that FOXP3 is a novel regulator of VEGF that directly interacts with its promoter.

In summary, our in vitro and in vivo analyses provide preliminary evidence that FOXP3 is indeed a suppressor of angiogenesis in breast cancer. We also demonstrate that FOXP3 can inhibit breast cancer angiogenesis via the transcriptional suppression of VEGF. Our results not only uncovered a novel regulator of VEGF in breast cancer but also provided novel insight into the breast cancer-suppressing function of FOXP3.

Materials and methods {#Sec10}
=====================

Cell lines and culture {#Sec11}
----------------------

Human breast cancer cell lines MDA-MB-231, T47D and MCF-7 and human umbilical vein endothelial cells (HUVECs) were obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). All cell lines were cultured in their corresponding medium supplemented with 10% FBS and 100 µg/ml ampicillin/streptomycin. After breast cancer cells were transfected with either vector control or FOXP3 for 60 h, the culture medium was collected as the corresponding supernatants.

Plasmid construction and RNA interference {#Sec12}
-----------------------------------------

The pcDNA3.1( + )-FOXP3 plasmid was created by our laboratory. The synthesized nucleotides encoding wild-type, truncated or mutant VEGF promoters were digested with Kpn1 and Xho1 and cloned into a pGL3 basic vector. FOXP3 short hairpin RNAs were designed and synthesized by GeneChem (Shanghai, China) and the sequences are listed in Supplementary Table [2](#MOESM1){ref-type="media"}.

Adenoviral construction {#Sec13}
-----------------------

The FOXP3-overexpressing adenovirus was provided by GeneChem (Shanghai, China). In brief, FOXP3 cDNA was cloned into a shuttle plasmid (GV314). The auxiliary packaging plasmid (PBHG) and shuttle plasmid containing FOXP3 cDNA were then cotransfected into HEK293 cells to produce adenoviruses. To obtain a sufficient amount of virus, the adenovirus produced by the above step was used to infect HEK293 cells, which were collected when most of the cells exhibited a typical cytopathic phenotype. The infected cells were frozen, thawed and centrifuged to obtain the virus supernatant. A virus purification kit was used to purify the virus supernatant, and the endpoint dilution method was used to detect virus titers. Adenovirus particles expressing a scrambled sequence were used as a negative control.

Clinical specimens and immunohistochemistry {#Sec14}
-------------------------------------------

A total of 93 breast cancer tissue specimens were obtained from the Department of Pathology at the First Affiliated Hospital of the Fourth Military Medical University (FMMU, Shaanxi, China). Clinical staging of the breast cancer samples was performed according to the American Joint Committee on Breast Cancer Staging and Classification criteria. The study protocol was approved by the Ethics Committee of The FMMU.

Immunohistochemistry was performed as previously described^[@CR42]^ using antibodies against FOXP3 (ab22510, Abcam, Cambridge, UK, 1:50 dilution), VEGF (ab46154, Abcam, 1:250 dilution), or CD31 (ab28364, Abcam, 1:100 dilution). Each specimen was classified as "positive" or "negative" for FOXP3 expression. If the section exhibited positive staining in both the nucleus and the cytoplasm or in only the nucleus, it was considered as "positive". VEGF staining was scored according to the intensity and proportion of positive cells as follows: −, no staining; + , 1--25% staining; + + , 25--50% staining; and + + + , \> 50% staining. CD31-stained areas were quantified with Image-Pro Plus (Rockville, USA) to evaluate tumor blood vessel density.

Animal studies {#Sec15}
--------------

Female athymic mice that were \~4 weeks of age were selected. The animal study was performed in accordance with a protocol approved by the Institutional Animal Care and Use Committee of the FMMU. For mammary fat pad injections, 4 × 10^6^ viable MDA-MB-231 breast cancer cells were injected into the mammary fat pads of athymic mice (*n* = 5). On day 21, when the tumor volume had reached \~50 mm^3^, the relevant adenovirus (5 × 10^8^ TU per mouse) was injected into the tumors twice every 4 days. To avoid the inhibitory effects of FOXP3 on tumor proliferation, the mice were anesthetized with avertin on day 29. Blood was collected via orbital bleeding for ELISA, and the tumors were collected for immunohistochemistry.

Tube formation assay {#Sec16}
--------------------

Growth factor-reduced Matrigel Basement Membrane Matrix (BD Biosciences, Franklin Lakes, NJ, USA) was slowly thawed on ice, and 50 μl was added to each well of a 96-well plate for polymerization. A total of 1 × 10^4^ HUVECs were plated on top of the Matrigel matrix and treated with the supernatants from cultured MDA-MB-231 cells or VEGF for 24 h. The capillary network was analyzed by calculating the cumulative number of tubes in 10 random microscopic fields using computer-assisted microscopy.

HUVEC spheroid sprouting assay {#Sec17}
------------------------------

Endothelial cell spheroids of a defined cell number were generated as previously described^[@CR43]^. HUVECs were suspended in the corresponding culture medium containing 0.25% (w/v) methylcellulose and seeded in nonadherent round-bottom 96-well plates (Greiner, Frickenhausen, Germany) to form a single spheroid of defined size and cell number per well (in vitro angiogenesis: 500 cells per spheroid). The spheroids were cultured for ≥ 24 h, after which they were embedded in collagen gels. A collagen stock solution was prepared prior to use by mixing 8 volumes of acidic collagen extract from rat tails (equilibrated to 2 mg/ml, 4 °C) with 1 volume of 10 × M199 (Gibco BRL, Eggenstein, Germany) and \~1 volume of 0.2 N NaOH to adjust the pH to 7.4. This stock solution (4 ml) was mixed with 4 ml of endothelial cell growth supplement (ECGM) basal medium (without supplements) containing 20% fetal calf serum (Biochrom, Berlin, Germany) and 0.5% (w/v) methylcellulose. The spheroid-containing gel (\~50 spheroids/ml) was rapidly transferred into prewarmed 24-well plates and allowed to polymerize (30 min), after which 0.1 ml of cell culture supernatant from the different treatments was pipetted onto each gel. The gels were incubated at 37 °C, 5% CO~2~, and 100% humidity. After 24 h, in vitro angiogenesis was quantitated digitally by measuring the length and number of the sprouts (calculated as the cumulative sprout length, CSL) that had grown out of each spheroid (×10 objective magnification), and ≥ 10 spheroids were analyzed per experimental group. The mean CSL was calculated for 10 randomly selected spheroids per experimental group.

Luciferase reporter assay {#Sec18}
-------------------------

Breast cancer MDA-MB-231 cells were seeded in 24-well plates. Then, the cells were cotransfected with either vector control or FOXP3 (pcDNA3.1-FOXP3), pRL-Tk and VEGF promoter (pGL3-basic-VEGF) using Lipofectamine 3000. 36 h later, the cells were lysed in passive lysis buffer (Promega, Madison, Wisconsin, USA), and luciferase activity was measured. Each group was analyzed in triplicate.

Chromatin immunoprecipitation assay {#Sec19}
-----------------------------------

Chromatin immunoprecipitation (ChIP) assays were performed using the EZ ChIP Chromation Immunoprecipitation Kit (Millipore, Billerica, USA). Four primer sets were designed to flank the related putative FOXP3-binding sites in the promoter region of VEGF (Supplementary Table [3](#MOESM1){ref-type="media"}). Briefly, pcDNA3.1-FOXP3-transfected MDA-MB-231 cells were fixed in 1% paraformaldehyde and sonicated. Then, the chromatin associated with FOXP3 was pulled down using an anti-FOXP3 antibody or control human IgG. The amounts of the specific DNA fragments were then quantified by real-time polymerase chain reaction (PCR) and normalized to the genomic DNA prepared from the same cells. Each group was analyzed in triplicate.

Quantitative real-time PCR {#Sec20}
--------------------------

Total RNA was isolated from cultured cells with RNAiso Plus (Takara, Dalian, China), and cDNA was synthesized with the PrimeScript RT Reagent Kit (Takara). Then, cDNA and SYBR Green Ex Taq (Takara) were used for real-time PCR in a Prism 7500 real-time thermocycler (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions. The primer sequences are provided in Supplementary Table [4](#MOESM1){ref-type="media"}. Each group was analyzed in triplicate.

Western blot analysis {#Sec21}
---------------------

In brief, samples were separated by SDS-PAGE, blotted onto polyvinylidene fluoride (PVDF) membranes and probed with primary antibodies against FOXP3 (ab22510, Abcam, 1:500 dilution) or VEGF (ab46154, Abcam, 1:500 dilution) and a secondary HRP-conjugated IgG antibody. Enhanced chemiluminescence (Thermo Fisher, Waltham, MA, USA) for HRP was used to visualize immunoreactive protein.

ELISA for VEGF {#Sec22}
--------------

ELISAs were performed with a commercially available ELISA kit (ab222510, Abcam). The supernatants of cultured MDA-MB-231 cells and mouse serum samples were collected. Then, VEGF concentrations were detected according to the manufacturer's instructions.

Immunofluorescence staining {#Sec23}
---------------------------

MDA-MB-231 cells transfected with either the vector control or FOXP3 were used for immunofluorescence staining. Cells were fixed in 4% paraformaldehyde for 20 min, permeabilized with 0.2% Triton X-100 in PBS for 30 min at room temperature, and then blocked with goat serum at room temperature for 20 min. The cells were incubated with primary antibodies against FOXP3 (ab22510, Abcam, 1:400 dilution) and VEGF (ab46154, Abcam, 1:300 dilution) overnight at 4 °C. The next day, the cells were incubated with Alexa Fluor 488- (for VEGF) and IgG Cy3-conjugated (for FOXP3) secondary antibodies in the dark for 1 h at 37 °C; then, the nuclei were counterstained with 4'-6-diamidino-2-phenylindole (DAPI, Invitrogen, Carlsbad, CA, USA). Images were captured using a confocal microscope (FluoView FV1000, Olympus, Tokyo, Japan).

Kaplan--Meier plotter analysis {#Sec24}
------------------------------

Survival analysis based on the mRNA expression levels of FOXP3 and VEGF in breast cancer was performed on the Kaplan--Meier plotter website ([www.kmplot.com](http://www.kmplot.com)), an online database that can assess the effect of 54675 genes on the prognosis of breast cancer^[@CR29]--[@CR31]^, ovarian cancer^[@CR44]^, lung cancer^[@CR45]^ and gastric cancer patients^[@CR46]^. Briefly, the gene names were uploaded into the database, and the 3951 breast cancer cases included in the analysis were divided into two cohorts according to the median expression level of target genes. Relapse-free survival (RFS) of patients in different cohorts was analyzed by Kaplan--Meier plots. The hazard ratio (HR) and log-rank *P* value were determined using the database and displayed. The expression levels of FOXP3 and VEGF were also exported from the survival analysis to further explore the relationship between FOXP3 and VEGF.

Statistical analysis {#Sec25}
--------------------

The data are presented as the mean ± SEM from at least three independent experiments. *P* \< 0.05 was considered statistically significant. The statistical tests were two-sided; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001. Statistical analyses were performed using SPSS statistical software (SPSS16.0, Chicago, IL, USA). A random number table was used to randomize the mice into control and treatment groups.
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